We report on our initial attempt to characterize the intrinsic frequency response of metal-clad nanolasers. The probed nanolaser is optically biased and modulated, allowing the emitted signal to be detected using a high-speed photodiode at each modulation frequency. Based on this technique, the prospect of high-speed operation of nanolasers is evaluated by measuring the -factor, which is the ratio of the resonance frequency to the square root of its output power ( / / ). Our measurements show that for nanolasers, this factor is an order of magnitude greater than that of other state-of-the-art directly modulated semiconductor lasers. The theoretical analysis, based on the rate equation model and finite element method simulations of the cavity is in full agreement with the measurement results.
Introduction
In short-distance communications, such as data swapping, intra-chip, and chip-to-chip interconnects, optical circuits exhibiting higher interconnect density and lower power dissipation have a clear advantage over their electronic counterparts [1] [2] [3] . Short-reach optical communications increasingly demand light sources with sufficient output power, small size, low cost, high efficiency, stable single-mode operation, and the capability to be directly modulated at high-speeds [4] . In the past few decades, vertical-cavity surface emitting lasers (VCSELs) have been widely developed and used in 1-100Gb/s communication systems due to their low cost, robust operation, and high performance [5, 6] .
In recent years, metal-clad nanolasers have been considered as potential light sources for high-resolution imaging and high-speed communications [7] [8] [9] [10] [11] . Their appeal is rooted in some of their intrinsic characteristics; for example, because of the metallic shell, the mode can become fully confined within an ultra-small volume, thus enabling dense integration on chip, while the high coupling efficiency of the spontaneous emission into the lasing mode (large -factor) can lead to low thresholds [12, 13] . In addition, these lasers tend to show a sparse modal spectra and operate in a single-mode fashion due to their miniature size. Altogether, the combination of low power consumption and high modulation speed in metalclad nanolasers may be used to effectively address some of the main challenges of optical communications where reducing energy per bit is pursued [14] [15] [16] [17] .
Despite the anticipation regarding the high-speed performance of metallic nanolasers, this aspect has so far remained largely unverified experimentally. In this paper, we bridge this gap by measuring the intrinsic frequency response of metallic nanolasers at low pump power levels [18] [19] [20] . To achieve this goal, we build a virtual instrument test set which performs a point-to-point measurement at discrete modulation frequencies. We then use this information to extrapolate the response of nanolasers at higher pump levels, where the speed is expected to surpass our measurement capabilities.
The paper is organized as follows. In section 2, a rate equation model for these type of metallic nanolasers, where the spontaneous emission coupling factor into the lasing mode is large, is introduced. This system of equations is subsequently used to derive the frequency response of the lasers. In section 3, we consider a disk-shape metallic nanolaser and calculate its modal parameters to be used in the rate equations. The simulation finds the eigenfrequencies using a three-dimensional finite element method (FEM) tool. We then discuss in detail the fabrication process in section 4, and describe our custom-made modulation response measurement setup in section 5. In section 6, we characterize and report the intrinsic frequency response of a nanolaser at various pump powers in order to evaluate and predict its high-speed performance. Finally, section 7 concludes the paper.
Nanolaser rate equations
The rate equations for a nanolaser system are given in Eqs. (1) and (2) [21] . Here, we use the relationship between the stimulated and spontaneous emission rates in order to avoid confusion arising from the treatment of group velocity in such arrangements.
where and are the number of carrier pairs and photons respectively, is the current injection efficiency, I is the injection current, q is the elementary charge, is the photon lifetime, and are the multiple quantum wells (MQW) spontaneous and non-radiative recombination lifetimes, respectively. The population inversion factor is defined as = (1 − )/( − ) , where and are the Fermi-Dirac functions, describing the occupation probabilities in the conduction and valence bands. The Purcell factor, F, indicates the cavity-enhanced spontaneous emission rate relative to that of the MQW material, and is the spontaneous emission coupling factor, representing the ratio of the spontaneous emission that is coupled into the lasing mode. These parameters are described in further detail in [7, 22] .
The modulation characteristics can be derived by applying a small signal analysis on Eqs. (1) and (2), considering time harmonic variables in the form of ( → + Δ , → + Δ , → + Δ ). The frequency response of a laser system can be written as (ω) = ω /( − + i ) , where is the relaxation resonance angular frequency and is the damping factor:
The 3-dB cut-off frequency ( ) is defined as the frequency where the magnitude of the impulse response function reaches half of its DC value, i.e. | ( )| = 1/2. When damping is weak, the cut-off frequency,
, is approximately proportional to the relaxation resonance frequency, , through ≈ 1.55 . Clearly, can be enhanced by increasing or by improving the spontaneous emission rate (larger Purcell factor).
Cavity simulation and laser performance evaluation
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